The release of cytochrome c from mitochondria, which leads to activation of the intrinsic apoptotic pathway, is regulated by interactions of Bax and Bak with antiapoptotic Bcl-2 family members. The factors that regulate these interactions are, at the present time, incompletely understood. Recent studies showing preferences in binding between synthetic BH3 domains and antiapoptotic Bcl-2 family members in vitro have suggested that the antiapoptotic proteins Mcl-1 and Bcl-x L , but not Bcl-2, restrain proapoptotic Bak from inducing mitochondrial membrane permeabilization and apoptosis. Here we show that Bak protein has a much higher affinity than the 26-amino acid Bak BH3 domain for Bcl-2, that some naturally occurring Bcl-2 allelic variants have an affinity for full-length Bak that is only 3-fold lower than that of Mcl-1, and that endogenous levels of these Bcl-2 variants (which are as much as 40-fold more abundant than Mcl-1) restrain part of the Bak in intact lymphoid cells. In addition, we demonstrate that Bcl-2 variants can, depending on their affinity for Bak, substitute for Mcl-1 in protecting cells. Thus, the ability of Bcl-2 to protect cells from activated Bak depends on two important contextual variables, the identity of the Bcl-2 present and the amount expressed.
INTRODUCTION
The release of cytochrome c from mitochondria, which leads to activation of the intrinsic apoptotic pathway, is regulated by Bcl-2 family members (1) (2) (3) (4) (5) . This group of proteins consists of three subgroups: Bax and Bak, which oligomerize upon death stimulation to form a putative pore in the outer mitochondrial membrane, thereby allowing efflux of cytochrome c and other mitochondrial intermembrane space components; Bcl-2, Bclx L , Mcl-1 and other antiapoptotic homologs, which antagonize the effects of Bax and Bak; and BH3-only proteins 2 such as Bim, Bid, and Puma, which are proapoptotic Bcl-2 family members that share only limited homology with the other two groups in a single 15-amino acid domain (the BH3 domain-ref. 6 ). Although it is clear that BH3-only proteins serve as molecular sensors of various stresses and, when activated, trigger apoptosis (3, (6) (7) (8) (9) (10) (11) , the mechanism by which they do so remains incompletely understood. One current model suggests that BH3-only proteins trigger apoptosis solely by binding and neutralizing antiapoptotic Bcl-2 family members, thereby causing them to release the activated Bax and Bak that are bound (reviewed in 9,10; see also refs. 12, 13) , whereas another current model suggests that certain BH3-only proteins also directly bind to and activate Bax (reviewed in 3; see also refs. [14] [15] [16] [17] . Whichever model turns out to be correct, both models agree that certain antiapoptotic Bcl-2 family members can inhibit apoptosis, at least in part, by binding and neutralizing activated Bax and Bak before they permeabilize the outer mitochondrial membrane (13, 18, 19) .
Much of the information about the interactions between pro-and antiapoptotic Bcl-2 family members has been derived from the study of synthetic peptides corresponding to BH3 domains. In particular, these synthetic peptides have been utilized as surrogates for the full-length proapoptotic proteins during structure determinations (20) (21) (22) as well as in functional studies exploring the effect of purified BH3 domains on isolated mitochondria (14, 23) and on Bax-mediated permeabilization of lipid vesicles (15) .
Recent studies using these same peptides have suggested that interactions of the BH3 domains of Bax, Bak and the BH3-only proteins with the "BH3 receptors" of the antiapoptotic Bcl-2 family members are not all equivalent. Surface plasmon resonance, a technique that is widely used to examine the interactions of biomolecules under cell-free conditions (24) (25) (26) , has demonstrated that synthetic BH3 peptides of some BH3-only family members show striking preferences, with the Bad BH3 peptide binding to Bcl-2 and Bcl-x L but not Mcl-1, and the Noxa BH3 peptide binding to Mcl-1 but not Bcl-2 or Bcl-x L (27) . Likewise, the Bak BH3 peptide exhibits selectivity, with high affinity for Bcl-x L and Mcl-1 but not Bcl-2 (12) . The latter results have led to a model in which Bcl-x L and Mcl-1 restrain Bak and inhibit Bak-dependent apoptosis, whereas Bcl-2 does not (10) .
Because the Bak protein contains multiple recognizable domains in addition to its BH3 motif (28, 29) , we compared the binding of Bak BH3 peptide and Bak protein to Bcl-2. Surface plasmon resonance demonstrated that Bcl-2 binds Bak protein with much higher affinity than the Bak 26-mer BH3 peptide. Further experiments demonstrated that the K D for Bak differs among naturally occurring Bcl-2 sequence variants but is only 3-fold higher than that of Mcl-1 in some cases. In light of previous reports that Bcl-2 overexpression contributes to neoplastic transformation (30) (31) (32) (33) and drug resistance (34) (35) (36) in lymphoid cells, we also examined Bcl-2 expression and Bak binding in a panel of neoplastic lymphoid cell lines. Results of these experiments demonstrated that Bcl-2 expression varies among different lymphoid cell lines but is up to 40-fold more abundant than Mcl-1. In lymphoid cell lines with abundant Bcl-2, Bak is detected in Bcl-2 as well as Mcl-1 immunoprecipitates; and Bakdependent apoptosis induced by Mcl-1 downregulation can be prevented by Bcl-2 overexpression. Collectively, these observations shed new light on the role of Bcl-2 in binding and neutralizing Bak.
METHODS
Materials -Reagents were obtained from the following suppliers: the broad spectrum caspase inhibitor Q-VD-OPhe from Biomol (Plymouth Meeting, MA); Polysorbate 20 from Biacore AB (Upsalla, Sweden); CM5 biosensor chips from GE Healthcare (Piscataway, NJ); glutathione and dimethyl pimelimidate from Sigma (St. Louis, MO); and allophycocyanin (APC)-conjugated annexin V from Becton Dickinson (BD) Pharmingen (San Diego, CA). The 26-mer Bak peptide (12) was produced by solid phase synthesis in the Mayo Clinic Protein Chemistry Shared Resource. All other reagents were obtained as previously described (37, 38) .
Antibodies for immunoblotting or flow cytometry were obtained from the following suppliers: murine monoclonal antibodies that recognize Mcl-1 or Bcl-2 from BD Biosciences; murine Ab-1 monoclonal antibody to active Bak from Calbiochem (San Diego, CA); murine monoclonal anti-Bcl-2 from Dako (Carpenteria, CA); goat anti-actin from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit antiBak and anti-Bax from Millipore (Danvers, MA); rabbit anti-Puma from ProSci (San Diego, CA); and rabbit antibodies to Mcl-1, Bcl-x L , and Bim from Cell Signaling Technology (Beverly, MA). Antibodies to PARP and Hsp90 were kind gifts from Guy Poirier (Laval University, Ste.-Foy, Quebec) and David Toft (Mayo Clinic, Rochester, MN), respectively.
Protein expression and purificationcDNAs encoding Bcl-2, Bcl-x L or Bax lacking the transmembrane domain were cloned in frame with GST in pGEX-4T-1. cDNA encoding Mcl-1 lacking the transmembrane domain was cloned into pET29b(+) to yield an S peptide-tagged construct. Plasmid encoding BakΔTM in pET29b(+) (22) was a kind gift from Qian Liu and Kalle Gehring (McGill University, Montreal, Canada). Plasmid encoding Bak N85A/I86AΔTM was generated from BakΔTM using site-directed mutagenesis. All plasmids were subjected to automated sequencing to verify the described alteration and confirm that no additional mutations were present.
Plasmids were transformed into Rosetta
or BL21 (BakΔTM, Bak N85AI86AΔTM) cells by heat shock. After cells were grown to an optical density of 0.6, IPTG was added to 1 mM and incubation was continued for 24 h at 16 °C (Bcl-2ΔTM) or 4 h at 37 °C (Bcl-x L ΔTM, Mcl-1ΔTM, BaxΔTM, BakΔTM, Bak N85AI86AΔTM). Bacteria were then washed and sonicated intermittently on ice in calcium-and magnesium-free Dulbecco's phosphate buffered saline (PBS) containing 1 mM PMSF (GST-tagged proteins, S peptideMcl-1ΔTM) or TS buffer [150 mM NaCl containing 10 mM Tris-HCl (pH 7.4) and 1 mM PMSF, His 6 -tagged BakΔTM and Bak N85AI86AΔTM].
All further steps were performed at 4 °C. After His 6 -tagged proteins were applied to Ni 2+ -NTA-agarose (Novagen, La Jolla, CA), columns were washed with 20 volumes of TS buffer followed by 10 volumes TS buffer containing 40 mM imidazole, then eluted with TS buffer containing 200 mM imidazole.
His 6 -BakΔTM and Bak N85AI86AΔTM were further purified by FPLC on a Superdex S200 size exclusion column and concentrated by ultrafiltration.
S peptide-tagged Mcl-1ΔTM was incubated with S protein-agarose for 4 h at 4 °C. After beads were washed twice with 10 volumes PBS containing 1 mM PMSF, bound polypeptide was eluted with PBS containing 3 M MgCl 2 .
After GST-tagged proteins were incubated with GSH-agarose for 4 h at 4 °C, GSH-agarose resin was washed twice with 20-25 volumes of PBS and eluted with PBS containing 20 mM reduced glutathione for 30 min at 4 °C.
All eluted polypeptides were concentrated using Centricon YM-10 centrifugal concentrators (Millipore) and dialyzed against Biacore running buffer consisting of 10 mM HEPES (pH 7.4), 150 mM NaCl, 0.05 mM EDTA and 0.005% (w/v) Polysorbate 20. Polypeptides were stored at 4 °C for <48 h before use.
Affinity measurements by surface plasmon resonance -measurements were performed at 25 °C on a Biacore 3000 biosensor (Biacore, Upsalla, Sweden). BakΔTM, Bak BH3 peptide or GST-Bcl-2 was immobilized onto a CM5 sensorchip as instructed by the supplier. After washing with Biacore running buffer, Mcl-1ΔTM, GST/Bcl-2ΔTM, GST/Bcl-x L ΔTM, or GST were injected at 30 µl/min for 1 min. Bound polypeptide was allowed to dissociate by injection of protein-free Biacore running buffer at 30 µl/min for 15 min. Residual bound proteins were desorbed with 150 mM NaCl containing 10 mM glycine (pH 2.0). Binding kinetics were derived from sensorgrams using BIA evaluation software (Biacore, Upsalla, Sweden). The binding of BakΔTM or Bak N85AI86AΔTM to immobilized GST-Bcl-2 was analyzed in the same fashion. 6 cells/ml in RPMI 1640 medium containing 10% heatinactivated fetal bovine serum, 100 units/ml penicillin G, 100 µg/ml streptomycin, and 2 mM glutamine.
Quantitation of Bak binding to endogenous
antiapoptotic Bcl-2 family members -Log phase cells were washed with PBS, lysed in lysis buffer consisting of 1% (w/v) CHAPS, 20 mM HEPES (pH 7.4), 150 mM NaCl, 1% (v/v) glycerol, 1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 100 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium vanadate and 20 nM microcystin. After centrifugation at 14,000 x g for 15 min to sediment insoluble material, lysates were precleared by incubation for 1 h at 4 °C with protein A/G-agarose beads followed by sedimentation. Aliquots containing 200 µg of precleared extract were incubated for 1 h with anti-Bcl-2, anti-Mcl-1 or anti-Bcl-x L that was precoupled to protein A/G-agarose using dimethyl pimelimidate (39, 40) . After sedimentation at 8000 x g for 2 min, beads were rapidly washed four times with wash buffer consisting of 1% CHAPS, 20 mM HEPES (pH 7.4), 150 mM NaCl, 1% (v/v) glycerol, 1 mM PMSF, 100 units/ml aprotinin, 100 mM NaF, 10 mM sodium pyrophosphate, and 1 mM sodium vanadate. Polypeptides bound to the beads were released by heating for 20 min at 65° C in SDS sample buffer consisting of 4 M urea, 2% (w/v) SDS, 62.5 mM Tris-HCl (pH 6.8), 1 mM EDTA and 5% (v/v) 2-mercaptoethanol. Immunoprecipitated Bcl-2 family members and serial dilutions of precleared cell lysate were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with antibodies to Bak, Bcl-2, Mcl-1 and Bcl-x L as indicated in the figure legends. Films from 3 independent experiments were scanned on a Hewlett Packard Scanjet 4C scanner and quantified using ImageJ software (http://rsb.info.nih.gov/ij/download.html).
siRNA -Short oligonucleotides targeting Bax (nucleotides 271-289, GenBank NM_138761), Bak (nucleotides 913-931, NM_001188), Bim (nucleotides 325-343, NM_138621) and Puma (nucleotides 1222-1240, NM_001127242) were from Dharmacon (Boulder, CO). On day 1 log phase Jurkat cells suspended in 400 µl cytomix (41) containing 1000 nM final oligonucleotide concentration and plasmid encoding EBFP were subjected to electroporation using a BTX 830 square wave electroporator (BTX, San Diego, CA) delivering a single pulse at 280 mV for 10 msec. On day 3 cells were transfected with pCMS5A plasmids as described below. 48 h after transfection with empty pCMS5A vector or constructs to knock down Bcl-2, cells were reacted with APCconjugated annexin V as described (42) (43) .
shRNA experiments were performed using the plasmids pCMS5A and pCMS5C. pCMS5A, which was derived from pCMS4.eGFP (44) , contains an H1P promoter for shRNA silencing, a CMV promoter for driving the expression of shRNA-resistant cDNAs, and an additional SV40 promoter for driving the expression of histone H2B fused to EGFP. This plasmid was modified to contain shRNA targeting nucleotides 907-925 of the Mcl-1 ORF or nucleotides 526-546 (Bcl-2 shRNA #1) or 1-21 (Bcl-2 shRNA #2) of the Bcl-2 ORF. Rather than an empty multiple cloning site, rescue constructs contained the previously described shRNA-resistant Mcl-1 cDNA (45), full-length Bcl-x L , full length Bcl-2 (variant 1) (46, 47) or full-length Bcl-2 mutated to TGGATGACAGAATATTTAAC at nucleotides 526-546 (underlined nucleotides represent silent mutations rendering cDNA resistant to Bcl-2 shRNA #1). Plasmids encoding different Bcl-2 variants were made by putting full length Bcl-2 (variant 1, 2 or 3) behind the CMV promoter of pCMS5A. Plasmid pCMS5C was derived from pCMS5A by site-directed mutagenesis. Two amino acid substitutions (Y66H and Y145F) were inserted to convert EGFP to EBFP. Once again, all plasmids were sequenced to verify the integrity of inserted shRNA and rescue constructs.
Log phase cells growing in antibiotic free medium were transiently transfected with the indicated plasmid using a BTX 830 square wave electroporator delivering a single pulse at 280 mV for 10 msec. Cells were incubated for 48 h and analyzed for apoptosis using APC-coupled annexin V as previously described (42, 45) . After 20,000 events (EGFP gating) or 40,000 events (EBFP and EGFP gating) were collected on a Becton-Dickinson FACSCalibur flow cytometer, data were analyzed by gating on EGFP-histone H2B + cells (typically 60-70% of transfected Jurkat cells) or EGFP-histone H2B + /EBFP-histone H2B + (typically 40-50% of transfected cells) and assessing APC-annexin V binding. Alternatively, after transfection, cells were incubated for 48 h and assayed for active Bak as described below.
Assays for Bak activation -48 h after transfection with siRNA constructs as indicated in the individual figures, cells were stained with anti-active Bak Ab-1 and examined by flow cytometry as previously described (45) . Alternatively, as described above for other immunoprecipitations, cells were washed with PBS and lysed in isotonic lysis buffer containing 1% CHAPS. After lysates were precleared, immunoprecipitations were performed for 1 h at 4° C using aliquots containing 200 µg of lysate protein and 5 µg anti-active Bak Ab-1 that was precoupled to protein A/G-agarose beads using dimethyl pimelimidate.
Following 4 washes with isotonic wash buffer containing 1% CHAPS, bound polypeptides were solubilized in SDS sample buffer, subjected to SDS-PAGE, and probed with antibodies that recognize total Bak.
Immunoprecipitation -Log phase cells growing in antibiotic free medium were transiently transfected with the indicated plasmid. 48 h after transfection, cells were washed and lysed in CHAPS lysis buffer. After centrifugation, 200 µg of precleared extract was incubated for 1 h with anti-Bcl-2, or anti-Mcl-1 that was precoupled to protein A/G-agarose (39, 40) . After sedimentation at 8000 x g for 2 min, beads were rapidly washed four times with wash buffer. Polypeptides bound to the beads were released by heating for 20 min at 65° C in SDS sample buffer. Immunoprecipitated Bcl-2 family members and 1/5 of precleared cell lysate were subjected to SDS-PAGE, transferred to nitrocellulose, and probed with antibodies to Bak, Bax, Bim, Puma, Bcl-2 and Mcl-1 as indicated in the figure legends.
RESULTS
Bak protein binds to Bcl-2 more tightly than to Bcl-x L . Models suggesting that Bcl-2 fails to bind Bak are based extensively on affinity measurements performed using a 26-mer peptide corresponding to the Bak BH3 domain. In the present study, we immobilized this 26 (Fig. 1E) . In contrast, Bcl-2ΔTM displayed a much lower affinity for this peptide (Figs. S1C, S1D and 1E), again confirming previous results.
A different picture emerged when binding to BakΔTM protein was analyzed using the same method. Binding of Bcl-2ΔTM was readily observed (Fig. 1B) , with a K D of ~70 nM (Fig. 1E, variant 1 ). This binding appeared qualitatively similar to that observed when Mcl-1ΔTM (Fig. 1C) or Bcl-x L ΔTM (Fig. S2A) bound to BakΔTM. Indeed, the binding of BakΔTM to Bcl-2ΔTM was 2-fold tighter than the binding of BakΔTM to Bcl-x L ΔTM (K D ~ 200 nM, Figs. S2A, S2B and 1E). Direct comparison revealed that Bcl-2 bound Bak more rapidly (Fig. 1D ) and more avidly (Fig. 1E) than Bcl-x L did.
Because of concern that these observations might differ from earlier studies as a result of sequence variation in Bcl-2 (48,49), we examined not only Bcl-2 variant 1, but also the Bcl-2 variant endogenously expressed by many of our lymphoid cell lines (variant 2 in Fig. 1A ) and the Bcl-2 variant used in previous affinity measurements (variant 3-refs. 12,13). Although the three Bcl-2 variants displayed differences in affinity for BakΔTM, in each case the Bcl-2 variant bound to Bak protein more tightly than to Bak 26-mer BH3 peptide (Fig.  1E ). In addition, the Bcl-2 variant expressed in many of our cell lines (variant 2), like variant 1, bound Bak more tightly than Bcl-x L did (Fig.  1E) . In contrast, variant 3 showed a 7-fold lower affinity for Bak.
Binding of Bak mutant to Bcl-2.
A previous study suggested that mutation of I82 and N83 in the BH3 domain of murine Bak to alanine abolishes binding to Bcl-x L and Mcl-1 (50).
After the corresponding mutations were introduced into human Bak, purified wildtype and mutant Bak constructs were assayed for their ability to bind Bcl-2 variant 2. As indicated in Fig. S3A , binding of the mutant BakΔTM polypeptide to Bcl-2 was readily detected, although the affinity was 2-fold lower than that of the wildtype construct (Figs. S3B and S3C).
Recovery of Bak with endogenous Bcl-2 from
Jurkat cells-Based on the preceding results, which suggest that Bak protein can bind to Bcl-2 under cell-free conditions, further experiments sought evidence that Bak and Bcl-2 interact in intact cells. When Jurkat cells transfected with S peptide-tagged Bcl-2 were lysed, ~20% of the total cellular Bak was recovered in the Bcl-2 pulldowns ( Fig. 2A) . Because of concern that these results might result from tagging or overexpression of Bcl-2, further experiments examined the recovery of Bak when endogenous Bcl-2, Bcl-x L and Mcl-1 were immunoprecipitated from lysates of untransfected cells. To provide an opportunity for quantitation, the amounts of antiapoptotic Bcl-2 family members as well as Bak in the immunoprecipitates were compared to serial dilutions of lysates on the same blots. This analysis ( Fig. 2B and C) demonstrated that, after correction for recovery of the antiapoptotic Bcl-2 family members, ~7% of the total cellular Bak was recovered with endogenous Bcl-2, 26% with Bcl-x L and 17% with Mcl-1. As discussed below, we were able to account for ~50% of the total cellular Bak in this manner, possibly reflecting the binding and neutralization of the remainder of the Bak by other polypeptides such as VDAC2 (51) . Additional experiments indicated that recovery of Bak with endogenous Bcl-2 was similar after extensive vs. limited washing of the immunoprecipitates and after immunoprecipitation for 12 h rather than 1 h. 3 
Bcl-2 rescues cells from Mcl-1 knockdown-
To assess the potential biological significance of the Bcl-2/Bak binding, further experiments examined the effect of Bcl-2 overexpression on Bak-dependent apoptosis. These studies utilized Jurkat cells, which express ~7-fold more Bak than Bax (see Figs. 6A and 6B below). To avoid the use of pharmacological agents, which could activate multiple BH3-only family members, apoptosis was triggered by downregulating Mcl-1, a change that has previously been reported to induce apoptosis in human leukemia cells (52) and in normal murine lymphohematopoietic cells (53) . The externalization of phosphatidylserine, a hallmark feature of apoptotic cells (54, 55) (Fig. 3A, B) . This apoptosis was accompanied by Bak activation as assessed by flow cytometry after staining with a previously described (56) conformationsensitive Bak antibody (Figs. 3C, 3D ) or by immunoprecipitation with the same antibody (Fig. S4) . Consistent with the predominant expression of Bak in this cell line, the Mcl-1 shRNA-induced apoptosis was prevented by Bak downregulation but not by Bax downregulation (Fig. 3E) . This apoptosis was not diminished by downregulation of the potent and promiscuous BH3-only proteins Bim and/or Puma (Fig. 3F ) even though these same constructs inhibited apoptosis induced by various anticancer drugs, 4 suggesting that the apoptosis is triggered by release of Bak rather than release of Bim and/or Puma. Consistent with this conclusion, we observed displacement of Bak upon Mcl-1 downregulation (Fig. 3G ) Bim was also displaced to Bcl-2 (Fig. 3G) , although the shRNA result (Fig. 3F) -1*, Fig. 3A, 3B ) or wildtype Bcl-x L (Fig. 3H ) abrogated the apoptosis resulting from Mcl-1 downregulation. Importantly, expression of wild type Bcl-2 also rescued Jurkat cells from Mcl-1 shRNAinduced apoptosis (Fig. 3H) , indicating that Bcl-2 can substitute for Mcl-1.
Apoptosis induced by Bcl-2 downregulation is Bak-but not Bim-or Puma-dependent.
To complement and extend the observations in Fig.  3 , subsequent experiments examined the effect of Bcl-2 downregulation in the same cell line. Treatment with two different Bcl-2 shRNAs resulted in induction of apoptosis (Fig. 4A ) that was likewise accompanied by activation of Bak (Figs. 4B and 4C ). This Bcl-2 downregulationinduced apoptosis was abolished by downregulation of Bak (Fig. 4D ) but only slightly inhibited by downregulation of the Bcl-2 binding partners Bim and/or Puma (Fig. 4E) , again suggesting that Bak release is the major event that triggers this apoptosis. Fig. 1 . To evaluate potential differences in the ability of Bcl-2 variants to bind Bak in a cellular context, Jurkat cells were transfected plasmids encoding S peptide-tagged Bcl-2 variants 1-3. Despite equal expression of the variants (Fig. 5A , lower panel), variants 1 and 2 bound more Bak than variant 3 (Fig. 5A, upper panel) .
Bcl-2 variants differ in ability to bind
To determine whether this difference in binding resulted in a difference in protection, cells were cotransfected with a plasmid encoding both Mcl-1 shRNA and EBFP-histone H2B as well as a second plasmid encoding Bcl-2 variant 1, 2 or 3 and EGFP-histone H2B. Despite equal expression of the three Bcl-2 variants (inset, Fig. 5B ), the Bcl-2 variant that exhibited lower affinity for Bak (variant 3, Fig.  1E ) also displayed diminished ability to protect cells from this apoptotic stimulus (Fig. 5B and  Fig. S5) .
To determine whether similar results would be observed when apoptosis is triggered by a chemical stimulus, Jurkat cells were treated with varying concentrations of cycloheximide for 24 h. Consistent with a previous report (57) , this treatment was accompanied by dosedependent Mcl-1 downregulation (Fig. 5C ). In this cell line, cycloheximide also induced downregulation of Bcl-2 as well as Puma and Bim but not Bak (Fig. 5C ), again suggesting that release of Bak is the critical event for the induction of apoptosis in these cells. When the Bcl-2 variants were overexpressed prior to cycloheximide addition, variants 1 and 2 again protected more completely than variant 3 did ( Fig. 5D ; for primary data, see Fig. S6 ). (Figs. 6C and 6D ). In contrast, Bak was not detected in pulldowns from Daudi cells (Fig. 6D) , which lack detectable Bcl-2 (Figs. 6A and S7A).
Bcl

DISCUSSION
Results of the present study demonstrate that Bcl-2 exhibits a much higher affinity for Bak protein than for the synthetic Bak BH3 domains. Additional observations indicate that different naturally occurring Bcl-2 sequence variants have different affinities for Bak protein, with some of these variants binding to Bak more tightly than Bcl-x L does and almost as tightly as Mcl-1. Finally, estimates of the absolute abundance of Bax, Bak and antiapoptotic Bcl-2 family members suggest that Bcl-2 levels in some lymphoid cell lines are as much as 40-fold higher than Bcl-x L or Mcl-1. Consistent with these results, we observed that Bcl-2 binds and appears to neutralize Bak in intact cells, although the percentage of Bak neutralized by Bcl-2 varies depending on the amount of Bcl-2 expressed. Each of these observations provides new insight into Bcl-2 family member interactions that regulate cellular life and death decisions.
To our knowledge, the present study provides the first comparison of the affinity of an isolated BH3 peptide and the corresponding proapoptotic protein for antiapoptotic Bcl-2 family members using the same technique. While affinity measurements using isolated BH3 peptides have provided substantial insight into the roles of BH3-only proteins (see INTRODUCTION), our results suggest that these methods can underestimate the strength of Bak/Bcl-2 interactions. When the interaction of BakΔTM and Bcl-2ΔTM was examined by surface plasmon resonance, the affinity was much stronger than previously reported using the Bak BH3 peptide (Fig. 1E) . This difference in binding between the Bak peptide and Bak protein likely reflects the limited ability of certain BH3 peptides to assume the appropriate conformation for binding (60) in the absence of conformational constraint supplied by the remainder of the polypeptide. Whether other affinity measurements that utilized BH3 peptides as surrogates for full-length proapoptotic Bcl-2 family members might have similarly underestimated the strengths of Bcl-2 family member interactions remains to be determined.
Further experiments demonstrated that Bak could be pulled down with Bcl-2 from cell lysates. To minimize the possibility that complexes of Bak and Bcl-2 might be forming during the cell lysis and immunoprecipitation procedures, cellular contents were solubilized using CHAPS rather than a nonionic detergent (61, 62) ; and immunoprecipitations were performed at 4 °C using the shortest possible incubation that allowed us to bind and pull down part of the total cellular Bcl-2, Bcl-x L and Mcl-1. This approach suggested that ~50% of the total cellular Bak in Jurkat cells is bound to Bcl-2, Bcl-x L or Mcl-1 (Fig. 2C) and approximately 1/6 of this is bound to Bcl-2. Larger percentages of Bak were pulled down with Bcl-2 in RL cells (Figs. 6C and 6D ), which endogenously express more Bcl-2 (Figs. 6A and 6B).
Several previous studies have also demonstrated that Bak can be pulled down with tagged, overexpressed Bcl-2 (28,29,63), providing a precedent for our observation that Bak can be immunoprecipitated with endogenous Bcl-2. Other investigations, however, have failed to detect Bak in Bcl-2 pulldowns (12, 51) . To investigate these divergent results further, the binding of Bak to two additional naturally occurring Bcl-2 sequence variants was examined by surface plasmon resonance. These Bcl-2 allelic variants exhibited different affinities for BakΔTM (Fig. 1E) , suggesting a potential explanation for some of the earlier divergent results. Further analysis demonstrated that Bak protein binds more tightly to some of these Bcl-2 variants than to Bcl-x L (Fig. 1D and 1E) .
To assess the potential biological significance of the Bak/Bcl-2 interaction, we examined the effect of Bcl-2 overexpression on Bak-mediated apoptosis. This analysis demonstrated that a tight-binding Bcl-2 variant can compensate for Mcl-1 during Bak-mediated apoptosis in intact Jurkat cells (Fig. 3H) . Conversely, Bcl-2 downregulation in these same cells induced Bak-dependent apoptosis (Fig. 4) . Although one potential explanation for this Bcl-2 shRNA-induced apoptosis would be the release of the proapoptotic Bcl-2 family members Bim and Puma, which have been implicated in Bax activation in some studies (15) (16) (17) , the observation that the Bcl-2 shRNAinduced apoptosis was scarcely affected by shRNA-mediated downregulation of Bax (Fig.  4D ) or Bim and Puma (Fig. 4E) argues against this possibility. Instead, the appearance of active Bak after Bcl-2 downregulation (Fig. 4B, 4C ) and the ability of Bak downregulation to abolish the effect of Bcl-2 shRNA (Fig. 4D ) are most consistent with the suggestion that Bcl-2 can restrain Bak in a cellular context.
In further experiments, we examined the ability of the Bcl-2 variants to inhibit apoptosis. These studies examined Jurkat cells after treatment with Mcl-1 shRNA, a treatment that again induced Bak-dependent apoptosis that was unaffected by Bim and Puma downregulation (Fig. 3F) . Although all three Bcl-2 variants were able to inhibit this Bakdependent apoptosis, the variant with lower affinity (variant 3, Fig. 1E ) was less effective (Fig. 5B) . Similar results were observed after treatment with cycloheximide, which simultaneously downregulates Mcl-1 and Bcl-2 in Jurkat cells (Figs. 5C and 5D ). These observations suggest that the differences in affinity of Bcl-2 for Bak can result in differences in antiapoptotic potency in certain contexts.
On the other hand, it is also important to recognize that binding to Bak is only one aspect of Bcl-2 function. Variant 3, like variant 1, was originally isolated from a t(14;18)-associated lymphoma, suggesting that variant 3 is also able to contribute to cellular transformation. These observations raise the possibility that variant 3 might have evolved other properties that compensate for its diminished Bak binding, at least under certain conditions. The preceding studies were performed using Mcl-1 or Bcl-2 shRNA to induce apoptosis. These experiments were not designed to distinguish between current models of BH3-only protein action. While performing these studies, however, we made several observations that might be pertinent to contemporary discussions of Bax/Bak activation. First, we observed that apoptosis in Jurkat cells is inhibited by Bak siRNA but not Bax siRNA (Figs. 3E and 4D) , consistent with the much higher expression of Bak in this cell line (Fig. 6B ). These observations recommend Jurkat cells as a somewhat simplified model for studying Bcl-2 family member interactions. Second, we observed that Mcl-1 knockdown was associated with increased binding of Bak and Bim but not Puma to Bcl-2 (Fig. 3G) , suggesting that Bak and Bim but not Puma might be restrained, at least in part, by Mcl-1 in unstressed Jurkat cells. Third, we observed that the ability of Mcl-1 shRNA to induce apoptosis was inhibited by Bak siRNA but not Bim and Puma knockdown (Fig. 3F) . We cannot rule out the possibility that Puma or Bim levels remaining after siRNA were sufficient to trigger apoptosis upon Mcl-1 downregulation even though the same Bim and Puma siRNA constructs markedly diminished drug-induced apoptosis in the same cells. 4 Likewise, we cannot rule out the possibility that some other BH3-only family member is involved in Bak activation in this cell line. Barring these eventualities, however, the present results are consistent with previous suggestions that a fraction of Bak in certain cells might be activated unless restrained by antiapoptotic family members (12) . Such a model would also be consistent with earlier indications that apoptosis is the default pathway in some cells unless antiapoptotic proteins intervene (64) . The suggestion that Mcl-1 is preventing Bak from initiating apoptosis in Jurkat cells is also consistent with recent results showing that, in addition to binding BH3-only proteins, Bcl-x L is able to restrain Bax even after it is activated (17, 19) . On the other hand, these results certainly do not rule out the possibility that BH3-only proteins might bind and directly activate Bax and/or Bak under other circumstances or in other cells as suggested by other recent studies (15) (16) (17) .
During the course of the present studies, we also examined a Bak mutant analogous to one described by Kim et al. (50) . Previous studies demonstrated that I82A/N83A mouse Bak was unable to kill Bax -/-Bak -/-mouse embryo fibroblasts unless a BH3-only protein was also transduced. These results have been widely interpreted as providing support for the direct activation model of BH3-only protein action. Although I82A/N83A mouse Bak was unable to pull down Mcl-1 or Bcl-x L (50), binding to Bcl-2 was not examined. Our demonstration that the human homolog of this construct binds Bcl-2 ( Fig. S3) provides an alternative explanation for the reported inability of this mutant to induce apoptosis unless a promiscuous BH3-only protein is expressed. On the other hand, because we have examined the human Bak protein rather than mouse protein, further studies are required to distinguish between these two potential interpretations.
In addition to affinity, interactions depend on the relative abundances of polypeptides. While multiple studies have previously demonstrated the relative levels one or more Bcl-2 family members vary across panels of cell lines, to our knowledge the present study presents the first attempt to estimate the absolute amounts of multiple Bcl-2 family members. This analysis suggests that Bcl-2 is more abundant than Mcl-1 or Bcl-x L in certain lymphoid lines. Jurkat cells, for example, contain ~90,000 Mcl-1 and 280,000 Bcl-2 molecules per cell (Figs. 6A, 6B and S7A ). Even though Bcl-2 binds Bak with lower affinity than Mcl-1 (Fig. 1E) , the greater abundance of Bcl-2 in Jurkat cells increases its potential contribution to Bak neutralization, with a net result that endogenous Bcl-2 binds roughly half as much Bak as endogenous Mcl-1 (Fig. 2C) . Even more Bak was recovered with Bcl-2 in RL cells, which express much higher levels of Bcl-2 and lower levels of Bcl-x L and Mcl-1 (Fig. 6 ). In contrast, there was lower Bak recovery in Bcl-2 immunoprecipitates from cell lines with lower Bcl-2 content (Fig. 6) .
In summary, the results described above are not consistent with current models suggesting that Bak is bound and restrained exclusively by Bcl-x L and Mcl-1. Instead, the present experiments indicate that human cells express a variety of Bcl-2 alleles that display differing affinities for Bak protein. In addition, these studies indicate that levels of Bcl-2 and Mcl-1 vary over at least a 10-fold range across different cell lines from one lineage. Collectively, these results suggest a model in which Bak is restrained by multiple antiapoptotic Bcl-2 family members, including Bcl-x L , Mcl-1 and Bcl-2 itself, to varying extents depending upon the abundances and identity of the sequence variants expressed in various cells.
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